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7KLVSDSHU LQYHVWLJDWHV WKHPRGHO WHVW UHVHDUFKRI D VHPLVXEPHUVLEOH IORDWLQJZLQG WXUELQH15 
$Q LPSURYHG PHWKRG LV SURSRVHG WR FRUUHFW WKH GHILFLHQW WKUXVW IRUFH LQ D )URXGH-VFDOH16 
H[SHULPHQWDOFRQGLWLRQZKLFKLVDEOHWRVLPXODWHWKHURWRURSHUDWLRQDOVWDWHPRUHUHDOLVWLFDOO\17 
E\DOORZLQJ WKHURWRU WRURWDWH IUHHO\ZLWKWKHZLQG7KLVDSSURDFKDOVRPDLQWDLQV WLSVSHHG18 
UDWLRWRVRPHH[WHQWDQGRYHUFRPHVSUHYLRXVO\UHSRUWHGQHJDWLYHHIIHFWVSURGXFHGE\FRPPRQ19 
FRUUHFWLRQ ZD\V 5HGXFHG SODWIRUP UHVRQDQW PRWLRQV LQ WKH SUHVHQFH RI ZLQG IRUFH DUH20 
REVHUYHG'XHWRURWRUURWDWLRQUHVRQDQW\DZDQGUROOPRWLRQVDUHLQGXFHGHYHQ LQKHDGLQJ21 









1. Introduction 29 
'XH WR LVVXHV OLNH HQYLURQPHQWDO SROOXWLRQ HQHUJ\ FULVLV DQG VXVWDLQDEOH GHYHORSPHQW30 
WKHGHYHORSPHQWRIZLQGHQHUJ\LQGXVWU\KDVEHHQERRVWHGE\WKHJOREDOSXUVXLWRIUHQHZDEOH31 
HQHUJ\ $OWKRXJK WKH FRPPHUFLDO DSSOLFDWLRQ RI RQVKRUH ZLQG WXUELQHV KDV EHHQ SURYHG32 
VXFFHVVIXO WKH WUDGLWLRQDO ODQG-EDVHG ZLQG WXUELQHV DUH FRQWLQXDOO\ FRPSODLQHG DERXW WKH33 
YLVXDODFRXVWLFDQGHQYLURQPHQWDOLPSDFWV%HVLGHVLWLVWHFKQRORJLFDOO\GLIILFXOWWRDFKLHYH34 
KLJKHQHUJ\HIILFLHQF\IURPRQVKRUHZLQGUHVRXUFHDVDUHVXOWRIWXUEXOHQWZLQGIDUPDQGORZ35 




WKH ILUVW IXOO VFDOH IORDWLQJ ZLQG WXUELQH WKDW KDV HYHU EHHQ EXLOW 5RGGLHU HW DO >@ PDGH40 
HIIRUWVRQWKHIHDVLELOLW\VWXG\RIWKH:LQG)ORDWFRQFHSWDWKUHH±FROXPQVXEPHUVLEOHIORDWLQJ41 




7KH VWXG\ RI IORDWLQJ ZLQG WXUELQH LV PXOWL-GLVFLSOLQDU\ LQYROYLQJ K\GURG\QDPLFV46 
DHURG\QDPLFVFRQWURODOJRULWKPPRGHOLQJRIVWUXFWXUHDQGPXOWL-ERG\G\QDPLFV%RUJDQG47 
&ROOX>@GLVFXVVHGWKHDSSURDFKRIGHYHORSLQJDFRXSOHGQXPHULFDOPRGHOIRUIORDWLQJZLQG48 
WXUELQH FRQVLGHULQJ DHURG\QDPLFV K\GURG\QDPLFV VWUXFWXUDO GHIOHFWLRQ PRRULQJ OLQH49 
G\QDPLFV DQG FRQWURO VFKHPH 0DUWLQ >@ SUHVHQWHG GHWDLOHG LQIRUPDWLRQ RQ VFDOLQJ50 
PHWKRGRORJ\GHVLJQDQGSK\VLFDOFKDUDFWHUL]DWLRQRI WKH15(/¶VEDVHOLQHZLQG WXUELQH IRU51 
WKH DSSOLFDWLRQ LQ PRGHO WHVW )DUUXJLD HW DO >@ VWXGLHG ZDYH PRWLRQV HIIHFWV RQ ZLQG52 
WXUELQH URWRU DHURG\QDPLFV XVLQJ OLIWLQJ OLQH PHWKRG 6DOHK\DU DQG =KX >@ H[DPLQHG WKH53 
DHURG\QDPLFGLVVLSDWLRQHIIHFWRQWKHZLQGWXUELQHEODGHVZLWKDTXDVL-VWDWLFDSSURDFKDQGDQ54 
XQVWHDG\ DSSURDFK UHVSHFWLYHO\ /DUVHQ DQG +DQVRQ >@ SUHVHQWHG DQ LPSURYHG FRQWURO55 
DOJRULWKP WR RYHUFRPH WKH QHJDWLYH GDPSLQJ FDXVHG E\ EODGH SLWFK FRQWURO IRU RYHU UDWHG56 
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WRROV 6,025,)/(; /L HW DO >@ GHYHORSHG D DHUR-K\GUR G\QDPLF FRGH IRU DQDO\VLV RI63 
IORDWLQJ ZLQG WXUELQH 4XDOOHQ DQG ;LQJ >@ GHYHORSHG D VLPXODWLRQ WRRO ZLWK D64 
YDULDEOH-VSHHGJHQHUDWRU-WRUTXHFRQWUROOHUXVLQJ&)'FDOFXODWLRQPHWKRG 65 
$OWKRXJKDVHULHVRIVLPXODWLRQWRROVKDYHEHHQGHYHORSHGWKHYDOLGDWLRQVRIWKHVHWRROV66 




DOVR REWDLQLQJ IORDWLQJ ZLQG WXUELQH¶V G\QDPLF FKDUDFWHUV WKURXJK WKH WHFKQLTXH RI EDVLQ71 
PRGHOWHVW>@'XDQHWDO>@LQYHVWLJDWHVWKHG\QDPLFUHVSRQVHRIDVSDU-EXR\IORDWLQJ72 
ZLQGWXUELQHZLWKPRGHOWHVWDSSURDFK1HYHUWKHOHVVIHZWHVWGDWDDUHRSHQWRWKHSXEOLFDQG73 
UHVHDUFKHUVXVXDOO\ILQGLWGLIILFXOWWRYDOLGDWHWKHLULQ-KRXVHQXPHULFDOFRGHV  74 
0RGHO WHVW WHFKQLTXH SURYLGHV QRW RQO\ D UHOLDEOH VRXUFH WR YDOLGDWH QXPHULFDO DQDO\VLV75 
FRGHVEXWDOVRDJRRGDSSURDFKWRGHPRQVWUDWHWKHG\QDPLFFKDUDFWHUVRIWKHIORDWLQJV\VWHP76 
HVSHFLDOO\ WKRVH XQDEOH WR EH FDSWXUHG E\ QXPHULFDO VLPXODWLRQV )RU WKH SXUSRVH RI IXOO\77 
VWXG\LQJWKHG\QDPLFUHVSRQVHRIIORDWLQJZLQGWXUELQHDQGDOVRSURYLGLQJPRGHOWHVWUHVXOWV78 








2. Model test set-up 85 
7R IXOO\ XQGHUVWDQG WKH UHVSRQVH PHFKDQLVP RI IORDWLQJ ZLQG WXUELQH XQGHU86 
K\GURG\QDPLFDQGDHURG\QDPLFH[FLWDWLRQVDODUJH-VFDOHPRGHOWHVWSURJUDPLVODXQFKHGLQ87 
WKH'HHSZDWHU2IIVKRUH%DVLQDW6KDQJKDL-LDR7RQJ8QLYHUVLW\7KHZDWHUEDVLQHTXLSSHG88 
ZLWK DGYDQFHG ZDYH-JHQHUDWLQJ V\VWHP FXUUHQW-JHQHUDWLQJ V\VWHP ZLQG-JHQHUDWLQJ V\VWHP89 
DQGRWKHUWHVWLQJIDFLOLWLHVLVPLQOHQJWKPLQZLGWKDQGPLQGHSWK7KHPRGHOWHVWLV90 






)LJ0RGHORIVHPLVXEPHUVLEOHIORDWLQJZLQGWXUELQH  97 
6FDOLQJPHWKRGRORJ\DQGGHILFLHQWWKUXVWIRUFHFRUUHFWLRQDSSURDFK 98 
%RWKK\GURG\QDPLFVDQGDHURG\QDPLFVVKRXOGEHUHJDUGHGDVGRPLQDWLQJIDFWRUVLQWKH99 
PRGHO WHVW UHVHDUFK RI D IORDWLQJ ZLQG WXUELQH )URXGH QXPEHU VLPLOLWXGH LV W\SLFDOO\100 













QR ORQJHU VDWLVILHG DQG WKH DHURG\QDPLF SHUIRUPDQFH RI WKH ZLQG WXUELQH ZLOO FKDQJH 7R112 
GHPRQVWUDWH5H\QROGVQXPEHUHIIHFW;)2,/>@LVXVHG WRFDOFXODWH WKHOLIWFRHIILFLHQW&/113 
DQGGUDJFRHIILFLHQW&'RIWKHEODGHDLUIRLODWIXOOVFDOH5H ൈDQGPRGHOVFDOH5H114 
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0RVW FRUUHFWLRQ PHWKRGV DUH EDVHG RQ LQFUHDVLQJ WKH PRGHO VFDOH ZLQG VSHHG ZKLOH127 
XWLOL]LQJDQHOHFWULFPRWRUWRGULYHWKHURWRU,QWKLVZD\URWRUVSHHGFDQEHH[DFWO\WXQHGDQG128 
WKHGHVLJQHGWKUXVWIRUFHLVREWDLQHGE\LQFUHDVLQJZLQGVSHHGPDVVLYHO\+RZHYHUWKH765129 
LV QR ORQJHU PDLQWDLQHG ZKLFK HQVXUHV WKDW WKH V\VWHP H[FLWDWLRQ UHVXOWLQJ IURP URWRU130 
LPEDODQFHRUDHURG\QDPLFLQWHUDFWLRQZLWKWKHWRZHUZLOOSRVVHVVWKHFRUUHFWIUHTXHQF\>@131 
7KLV W\SH RI FRUUHFWLRQ PHWKRG PD\ DOVR OHDG WR XQGHVLUDEOH IRUFH RQ WKH WRZHU DQG WKH132 
SODWIRUPKXOODERYHZDWHUVXUIDFHVLQFHWKHZLQGVSHHGLVVLJQLILFDQWO\LQFUHDVHG>@%HVLGHV133 







765FDQEH WXQHGDOWKRXJKQRWH[DFWO\ $IWHUD VHULHVRI WHVWV WKHPRVW IDYRUDEOHPRWRU LV141 
VHOHFWHG DQG WKH PHDVXUHG UHODWLRQVKLSV EHWZHHQ WKUXVW IRUFH ZLQG VSHHG URWRU VSHHG DQG142 
765DUHRXWOLQHG LQ7DEOH ,W VKRXOGEHQRWHG WKDW WKH UHODWLRQVKLSV LQ7DEOHZLOOGLIIHU143 
ZKHQDGLIIHUHQWPRWRULVXVHG 144 
 145 
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FRQVLVWHQW ZLWK UHDOLVWLF VLWXDWLRQ VLQFH WKH FRQWURO V\VWHP LV DFWLYH IRU D IXOO VFDOH IORDWLQJ152 
ZLQG WXUELQH GXULQJ RSHUDWLRQDO FRQGLWLRQ %HVLGHV WKH VKDIW D[LDO WRUTXH REWDLQHG LQ WKH153 
PRGHO WHVW LV PRUH UHDVRQDEOH FRPSDUHG ZLWK WKDW DFTXLUHG E\ FRPPRQ FRUUHFWLRQV ZD\V154 
7KLVLVEHFDXVHWKHVKDIWD[LDOWRUTXHLVSXUHO\ZLQG-GULYHQUDWKHUWKDQEHLQJJHQHUDWHGE\WKH155 
PRWRU%\DGRSWLQJ WKLV IUHHURWDWLRQDSSURDFK LW LVDOVRDEOHWRDFTXLUHWKHGHVLJQHG WKUXVW156 
IRUFH ZLWKRXW LQFUHDVLQJ WKH ZLQG VSHHG VLJQLILFDQWO\ )RU H[DPSOH WKH ZLQG VSHHG LV157 
LQFUHDVHGIURPNPKUWRNPKUWRPDWFKWKHUDWHGWKUXVWIRUFHLQWKHZRUNRI0DUWLQHW158 
DO >@ ZKLOH WKH LQFUHDVHG ZLQG VSHHG LV MXVW  NPKU LQ RXU WHVW ,Q WKLV ZD\ WKH159 
XQGHVLUDEOHH[FHVVGUDJRQQRQ-URWRUVWUXFWXUHVLVUHGXFHG)XUWKHUPRUHLWPDLQWDLQVWKH765160 
WRVDPHH[WHQW$OWKRXJK WKHURWRUVSHHG LVGHWHUPLQHGE\ WKHZLQGDQGFDQQRWEHDGMXVWHG161 
H[DFWO\ LQ WKH WHVW LW LV VKRZQ WKDW WKH URWRU VSHHG FKDQJHV VOLJKWO\ GXH WR WKH DSSURSULDWH162 










,WHP 3URWRW\SH 0HDVXUHPHQW 0DVVNJ &0P 0DVVNJ &0P 
%ODGHV     
+XE     
1DFHOOH     
7RZHU     
,GHQWLFDOODPSVDWWRZHUERWWRP - -   
LGHQWLFDOODPSDWWRZHUWRS - -   
,QVWUXPHQWDWLRQFDEOHV - -   






DV EODGHV-WRZHU FROOLVLRQ DQG JHW ULG RI WKH DHUR-HODVWLF FRXSOLQJ EUDFLQJ FRPSRQHQWV DUH176 
LQVWDOOHGLQVLGHWRPDNHWKHEODGHULJLGDQGSUHYHQWDQ\EODGHGHIOHFWLRQ$QHOHFWULFPRWRULV177 
LQVWDOOHG DW WKH WRZHU-WRS WR UHSUHVHQW WKH QDFHOOH GULYH-GUDLQ V\VWHP DQG WKH JHQHUDWRU $V178 








































































7HUP /RFDWLRQ 5HFRUGHGGDWD 
/RDGFHOO 1DFHOOH Shaft axial IRUFHDQGWRUTXH 7RZHU-WRS 6KHDUIRUFHDQGEHQGLQJPRPHQW 
$FFHOHURPHWHU 1DFHOOH 1DFHOOHDFFHOHUDWLRQ 
2SWLFDOPRWLRQFDSWXUHV\VWHP 1DFHOOH 1DFHOOHPRWLRQ 3ODWIRUP 3ODWIRUPPRWLRQ 
7HQVLRQWUDQVGXFHU )DLUOHDG 0RRULQJOLQHWHQVLRQIRUFH 




3. Identification test results 220 








VHULHV RI WKHUPDO ZLQG VSHHG SUREHV DUH LQVWDOOHG LQ IURQW RI WKH ZLQG JHQHUDWRU WR IRUP D227 
VSDWLDOPDWUL[ DQGPHDVXUH WKH VSDWLDO GLVWULEXWLRQRIZLQG VSHHG LQ WKHYLUWXDO URWRUSODQH228 
ZKLFK LVPDZD\IURPWKHZLQGJHQHUDWRU)LJDQG)LJ LOOXVWUDWHWKHPHDVXUHGZLQG229 







7KHYLEUDWLRQ IUHTXHQF\RI WKH WRZHU LVPHDVXUHGE\KDPPHU WHVW7KH WRZHU ZLWKRXW237 
QDFHOOH DQG URWRU LV ULJLGO\ FRQQHFWHG WR WKH ODQG YLD D ORDG FHOO WR UHFRUG WKH238 
YLEUDWLRQ-LQGXFHG EHQGLQJ PRPHQW $Q LPSXOVH H[FLWDWLRQ LV DIWHUZDUGV DSSOLHG WR WKH239 
WRZHU-WRS FDXVLQJ LW WR YLEUDWH IUHHO\ 6LQFH WKH WRZHU LV D[LDO V\PPHWULF RQO\ IRUH-DIW240 















































































 7HUP 6XUJH +HDYH 3LWFK <DZ 





4. Dynamic response of the system 260 
,Q WKH H[SHULPHQW SURJUDP D VHW RI WHVW FDVHV DUH FRQGXFWHG WR LQYHVWLJDWH SODWIRUP261 
PRWLRQV VWUXFWXUDO UHVSRQVH DQG PRRULQJ OLQH WHQVLRQ RI WKH IORDWLQJ ZLQG WXUELQH )LUVWO\262 
PRWLRQUHVSRQVHFKDUDFWHULVWLFVRIWKHV\VWHPDUHDQDO\]HG$HURG\QDPLFHIIHFWVRQSODWIRUP263 
PRWLRQV DQG QDFHOOH DFFHOHUDWLRQV DUH FODULILHG 5ROO DQG \DZ PRWLRQV LQGXFHG E\ URWRU264 
URWDWLRQ DUH DOVR VWXGLHG 6HFRQGO\ WKH UHVSRQVH PHFKDQLVPV RI VKDIW D[LDO IRUFH DQG265 
WRZHU-WRSVKHDUIRUFHDUHLQYHVWLJDWHG)LQDOO\WKHWHQVLRQIRUFHRIDVHOHFWHGPRRULQJOLQHLV266 
DQDO\]HG7DEOHSUHVHQWVDVXPPDU\RIWKHHQYLURQPHQWDOFRQGLWLRQVFRQVLGHUHGLQWKHWHVW267 
















































































&DVH1R :LQGVSHHGNPKU 5RWRUVSHHGUSP 
:DYH 
+VP 7SV ܶ 
/&      
/&      
/&      
/&      








&DVH1R 'HJUHHRI)UHHGRP 0D[ 0LQ 0HDQ 6WGGHY 
/& 6XUJHP  -   3LWFKGHJ  -   
/& 6XUJHP     3LWFKGHJ     
/& 6XUJHP     3LWFKGHJ     
7KH VWDWLVWLFDO UHVXOWV VKRZ WKDW SODWIRUP PRWLRQV DUH JUHDWO\ LQIOXHQFHG E\ WKH ZLQG280 
IRUFH:LWKEHORZ-UDWHGWKUXVWIRUFHDFWLQJRQWKHURWRUWKHPHDQSLWFKSRVLWLRQLVGHJ281 
DQG WKLV YDOXH LQFUHDVHV WR GHJZKHQ WKH V\VWHP LV VXEMHFW WR UDWHGZLQG IRUFH:LWK282 
UHVSHFWWRVXUJHPRWLRQVLPLODUFRQFOXVLRQFDQEHREWDLQHG0HDQVXUJHSRVLWLRQLVSXVKHGWR283 
PZLWKUDWHGWKUXVWIRUFHZKHUHDVLWLVMXVWPLQ/&)XUWKHUPRUHLWSRLQWVRXW284 
WKDW WKH VWDQGDUG GHYLDWLRQV RI VXUJH DQG SLWFK PRWLRQV DUH ERWK VRPHZKDW UHGXFHG E\ WKH285 
ZLQG IRUFH 7R IXUWKHU LQYHVWLJDWH SODWIRUP PRWLRQV XQGHU ZDYH 	 ZLQG H[FLWDWLRQV WKH286 






:LWK FRQVLGHUDWLRQ RI WKH ZLQG IRUFH WKH UHVRQDQW PRWLRQV RI VXUJH DQG SLWFK DUH291 
UHGXFHGVLJQLILFDQWO\ZKLOHOLWWOHFKDQJHLVREVHUYHGDURXQGWKHZDYHHQHUJ\IUHTXHQF\UDQJH292 
0RWLRQV DUH REVHUYHG ZLWKLQ UDQJH IURP  UDGV WR  UDGV ZKLFK DUH PDLQO\293 
ZDYH-LQGXFHGDQGKDUGO\LQIOXHQFHGE\DHURG\QDPLFORDGUHJDUGOHVVRIZLQGVSHHG,WLVWKXV294 
SURYHGWKDWDHURG\QDPLFORDGKDVDOLPLWHGLQIOXHQFHRQWKHZDYHIUHTXHQF\PRWLRQV%HVLGHV295 
VWURQJ UHVSRQVH FDQ EH REVHUYHG DURXQG WKH UHVRQDQW IUHTXHQF\ IRU ERWK VXUJH DQG SLWFK296 
PRWLRQV $OWKRXJK DHURG\QDPLF ORDG SOD\V D WLQ\ UROH RQ WKH ZDYH IUHTXHQF\ UHVSRQVH LW297 
QHYHUWKHOHVVKDVDVLJQLILFDQWGDPSLQJHIIHFWRQWKHUHVRQDQWUHVSRQVH&RPSDULVRQVEHWZHHQ298 
FDVH /& /& DQG /& PDQLIHVW WKDW ZLQG IRUFH UHGXFHV WKH SODWIRUP PRWLRQV DQG VXFK299 
DHURG\QDPLFGDPSLQJHIIHFWLVPRVWO\HIIHFWLYHDURXQGWKHUHVRQDQWIUHTXHQF\UDQJH 300 
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$OWKRXJK WKHUHVRQDQWPRWLRQVRIVXUJHDQGSLWFKDUH UHGXFHG LQ WKHSUHVHQFHRIZLQG312 
IRUFH WKH QDFHOOH DFFHOHUDWLRQV VHHP WR EH DPSOLILHGE\ WKH ZLQG IRUFH $V VXPPDUL]HG LQ313 
7DEOHWKHPD[LPDOYDOXHWKHPHDQYDOXHDQGWKHVWDQGDUGGHYLDWLRQRIQDFHOOHDFFHOHUDWLRQ314 
DUHDOOVRPHZKDWDXJPHQWHGZLWKWKHLQFUHDVHRIZLQGVSHHG$FFHOHUDWLRQLQ<GLUHFWLRQLV315 
DOVR REVHUYHG $V VKRZQ LQ 7DEOH  WKH VWDQGDUG GHYLDWLRQ LQ FDVH /& LV DERXW  WLPHV316 
ODUJHU WKDQ WKDW LQ FDVH /& 6XFK VLJQLILFDQW DXJPHQW RI VWDQGDUG GHYLDWLRQ LQKHUHQWO\317 
LPSOLHVWKHH[FLWDWLRQRISODWIRUPVZD\PRWLRQZKLFKZLOOEHGLVFXVVHGLQPRUHGHWDLOLQWKH318 
IROORZLQJSDUWRIWKLVSDSHU$OWKRXJKWKHZLQGPDLQO\LQGXFHVKRUL]RQWDOORDGDFFHOHUDWLRQ319 
DORQJYHUWLFDOGLUHFWLRQ LVVWLOO LQFUHDVHG LQ7DEOHGXH WR WKHFRXSOLQJEHWZHHQSLWFKDQG320 
KHDYH7KHVWDWLVWLFDOUHVXOWVLQGLFDWHWKDWODUJHZLQGORDGLVOLNHO\WRFDXVHVLJQLILFDQWQDFHOOH321 
DFFHOHUDWLRQ ,Q RUGHU WR SUHVHQW WKH FKDUDFWHULVWLFV RI WKH DFFHOHUDWLRQV PRUH FOHDUO\ WKH322 
 
 





WKHQDFHOOHDFFHOHUDWLRQ$FFRUGLQJ WR/&FXUYH WKHQDFHOOHDFFHOHUDWLRQLVPDLQO\H[FLWHG328 
E\ OLQHDU ZDYH IRUFH DQG D PDMRULW\ RI UHVSRQVH HQHUJ\ FRQFHQWUDWHV RQ WKH ZDYH HQHUJ\329 
IUHTXHQF\UDQJH$QRWKHUUHVSRQVHSHDNLVREVHUYHGDURXQGUDGVZKLFKLVFORVHWRSLWFK330 
UHVRQDQW IUHTXHQF\ $SDUW IURP K\GURG\QDPLF H[FLWDWLRQV WKH YLEUDWLRQ RI WRZHU DOVR331 
VWLPXODWHVWKHQDFHOOHDFFHOHUDWLRQ/&FXUYHVKRZVDVXEVWDQWLDOUHVSRQVHSHDNDWUDGV332 
ZKLFKLVFORVHWRWKHWRZHUYLEUDWLRQIUHTXHQF\REWDLQHGE\KDPPHUWHVW 333 
:KHQWKHZLQG IRUFH LVFRQVLGHUHGDFRXSOHRIH[WUD IUHTXHQF\FRPSRQHQWVDSSHDU LQ334 
WKH UHVSRQVH ,Q DGGLWLRQ WR WKH UHVSRQVH LQGXFHG E\ ZDYH IRUFH DQG WRZHU YLEUDWLRQ WKH335 
QDFHOOHDFFHOHUDWLRQLVVLJQLILFDQWO\H[FLWHGDURXQG3URWRUURWDWLRQIUHTXHQF\$VGLVFXVVHG336 
DERYHWKHURWRULVSXUHO\GULYHQE\ZLQGDQGWKHURWRUVSHHGNHHSVYDU\LQJGXHWRSODWIRUP337 
PRWLRQV7KHUHIRUH WKH3 URWDWLRQIUHTXHQF\ LQ)LJ LV VRPHZKDWGLIIHUHQW IURP WKDW LQ338 
7DEOH)RU/&DQG/&36'FXUYHVLWFDQEHVHHQWKDWUHVSRQVHDPSOLWXGHVDURXQGSLWFK339 
UHVRQDQW IUHTXHQF\ DQG WRZHU YLEUDWLRQ IUHTXHQF\ DUH VXEVWDQWLDOO\ UHGXFHG ,W LQKHUHQWO\340 
PDQLIHVWV WKDWSLWFKPRWLRQDQGWRZHUYLEUDWLRQDUHVXSSUHVVHG2QWKHFRQWUDU\ WKHQDFHOOH341 
DFFHOHUDWLRQLVDPSOLILHGDURXQGZDYHHQHUJ\IUHTXHQF\UDQJHZLWKWKHFRQVLGHUDWLRQRIZLQG342 
IRUFH 343 




















6LPXODWLRQ FDVHV /& DQG /& DUH VHOHFWHG WR FODULI\ WKH URWRU URWDWLRQ HIIHFW RQ345 
SODWIRUP PRWLRQV7KHZLQG WXUELQH LV SDUNHG LQ/&ZKHUHDV WKHZLQGGULYHV WKH URWRU WR346 
URWDWHLQ/&$VVKRZQLQ)LJWKHIORDWLQJV\VWHPLVVXEMHFWWRDQH[WUDWRUTXHZKLFKLV347 
LQGXFHG E\ WKH URWRU 'XH WR SLWFK PRWLRQ WKH URWRU WRUTXH LV VHSDUDWHG LQWR D YHUWLFDO348 
FRPSRQHQWDQGDKRUL]RQWDOFRPSRQHQW7KHYHUWLFDOFRPSRQHQWLQGXFHVJ\URVFRSLFORDGLQJ349 
DQGH[FLWHV\DZPRWLRQZKLOHWKHKRUL]RQWDOFRPSRQHQWZLOOOHDGWRUROOPRWLRQ$SSDUHQWO\350 
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$V OLVWHG LQ7DEOH  WKH VWDQGDUG GHYLDWLRQRI \DZ PRWLRQ LQ /& LV QHDUO\ GRXEOHG358 
FRPSDUHGZLWKWKDW LQ/&%HVLGHV WKHPHDQSRVLWLRQRI\DZPRWLRQ LVNHSWDWGHJ359 
ZLWK J\URVFRSLF ORDGLQJ LQ /& ,W LV FDXVHG E\ WKH QRQ-]HUR DYHUDJH YHUWLFDO WRUTXH360 




JHRPHWU\ RI WKH SODWIRUP \DZ PRWLRQ LV VHOGRP REVHUYHG LQ /& &RPSDUDWLYHO\ \DZ363 
PRWLRQLVH[FLWHGVLJQLILFDQWO\DWDERXWUDGVE\WKHJ\URVFRSLFORDGLQJZKLFKLVFORVHWR364 
\DZ QDWXUDO IUHTXHQF\ $SDUW IURP LQGXFLQJ \DZ PRWLRQ J\URVFRSLF ORDGLQJ FDXVHV VRPH365 
XQIDYRUDEOH\DZEHDULQJDWWKHFRQQHFWLRQRIWKHQDFHOOHDQGWKHWRZHU7KHSRZHUVSHFWUXP366 
GHQVLW\ RI \DZ EHDULQJ DW WKLV FRQQHFWLRQ SRVLWLRQ LV GLVSOD\HG LQ )LJ  $OWKRXJK \DZ367 







6LPLODU WR WKH J\URVFRSLF ORDGLQJ WKH KRUL]RQWDO FRPSRQHQW RI WKH URWRU WRUTXH ZLOO375 
LQGXFHXQIDYRUDEOHUROOPRWLRQDVZHOO:KDW¶VPRUHWKHUHVRQDQWUROOPRWLRQPD\EHH[FLWHG376 
VLQFH WKH YDU\LQJ IUHTXHQF\ RI WKH KRUL]RQWDO FRPSRQHQW LV YHU\ FORVH WR UROO UHVRQDQW377 
IUHTXHQF\)LJGLVSOD\V WKHSRZHUVSHFWUXPGHQVLW\FXUYHVRISODWIRUPUROOPRWLRQ ,W LV378 










































7KH PHDVXUHG VKDIW D[LDO IRUFH FRQVLVWV RI WZR FRPSRQHQWV QDPHO\ WKH ZLQG IRUFH384 
DSSOLHG RQ WKH URWRU SODQH DQG WKH LQHUWLDO IRUFH LQGXFHG E\ WKH QDFHOOH PRWLRQV 6WDWLVWLFDO385 
UHVXOWV RI WKH VKDIW D[LDO IRUFH DUH VXPPDUL]HG LQ7DEOH$ORQJVLGHZLWK WKH LQFUHDVHRI386 
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)LJ  GLVSOD\V WKH IUHTXHQF\ FRPSRQHQWV RI VKDIW D[LDO IRUFH LQ WKH WKUHH WHVW FDVHV395 
:KHQ WKH ZLQG IRUFH LV QRW FRQVLGHUHG UHVSRQVH SHDN FDQ EH IRXQG DW SLWFK UHVRQDQW396 
IUHTXHQF\ ZDYH IUHTXHQF\ DQG YLEUDWLRQ IUHTXHQF\ RI WKH WRZHU 2QFH WKH IORDWLQJ ZLQG397 
WXUELQH LV VXEMHFW WR ZLQG IRUFH WKH UHVSRQVH DPSOLWXGHV DW SLWFK UHVRQDQW IUHTXHQF\ DQG398 
WRZHUYLEUDWLRQIUHTXHQF\DUHVLJQLILFDQWO\UHGXFHG1HYHUWKHOHVVUHVSRQVHZLWKLQWKHZDYH399 
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7KH36'RIWKHVKHDUIRUFHLVVKRZQLQ)LJZKHUHPXOWL-IUHTXHQF\FRPSRQHQWVFDQ415 
EH LGHQWLILHG ,Q SDUNHG FRQGLWLRQ VKHDU IRUFH UHVSRQVH LV PDLQO\ GRPLQDWHG E\ WKUHH416 
IUHTXHQF\FRPSRQHQWVQDPHO\WKHSLWFKUHVRQDQWIUHTXHQF\WKHZDYHHQHUJ\IUHTXHQF\DQG417 
WKH WRZHU YLEUDWLRQ IUHTXHQF\ ,W LPSOLHV WKDW VKHDU IRUFH LV ERWK GRPLQDWHG E\ SODWIRUP418 
PRWLRQVDQGWRZHUVWUXFWXUDOG\QDPLFV2QFHWKHZLQGIRUFHLVFRQVLGHUHGWKHVKHDUIRUFHLV419 
GLPLQLVKHG WR D YHU\ ORZ OHYHO DW SLWFK UHVRQDQW IUHTXHQF\ DQG WRZHU YLEUDWLRQ IUHTXHQF\420 




























VWUXFWXUDO G\QDPLFV DSSHDU WR KDYH OLPLWHG LQIOXHQFH RQ WKH UHVSRQVHV $V H[SHFWHG WKH430 
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RI UHVSRQVH FRQFHQWUDWHV ZLWKLQ ZDYH HQHUJ\ IUHTXHQF\ DQG UHVRQDQW IUHTXHQF\ UDQJH451 
%HVLGHV OLWWOHGLVFUHSDQF\ LV REVHUYHG EHWZHHQ WKH WKUHH FXUYHV LQGLFDWLQJ WKDWZLQG IRUFH452 
HIIHFW LV OLPLWHG ,W LV WKXV UHDVRQDEOH WR VLPSOLI\ DHURG\QDPLF ORDG DV DQ H[WUD FRQVWDQW453 
VXSHUSRVLWLRQ ZKHQ DQDO\]H PRRULQJ OLQH G\QDPLFV $OWKRXJK PRRULQJ OLQH WHQVLRQ LV454 
VWURQJO\GHSHQGHQWRQSODWIRUPPRWLRQVLWLVLQWHUHVWLQJWRILQGWKDWPRRULQJWHQVLRQH[KLELWV455 
LQVWLQFWLYH UHVSRQVH FKDUDFWHUV ZLWK DHURG\QDPLF ORDGV FRPSDUHG WR SODWIRUP PRWLRQV ,W456 
LQKHUHQWO\LQGLFDWHVWKDWDVWDWLFRUTXDVL-VWDWLFPHWKRGVWLIIQHVVPDWUL[PRGHO	FDWHQDU\OLQH457 
WKHRU\LVQRWDSSOLFDEOHWRFDSWXUHWKHEHKDYLRURIPRRULQJV\VWHPLQDQXPHULFDOPRGHOLQJ458 
RI IORDWLQJ ZLQG WXUELQH DV ERWK FDWHJRULHV RI PHWKRGV DUH H[DFWO\ GHSHQGHG RQ SODWIRUP459 
PRWLRQV 460 























WKDQ XVLQJ D PRWRU &RPSDUHG ZLWK FRPPRQ FRUUHFWLRQ ZD\V WKLV DSSURDFK FDQ EHWWHU465 
VLPXODWHWKHRSHUDWLRQVWDWHRIWKHURWRUDQGWKHPHDVXUHGVKDIWD[LDOWRUTXHLVPRUHUHDOLVWLF466 
765FDQDOVREHPDLQWDLQHGWRVRPHH[WHQWZKLFKHQVXUHVWKDWV\VWHPH[FLWDWLRQIUHTXHQFLHV467 
UHVXOWLQJ IURP URWRU LPEDODQFH RU DHURG\QDPLF LQWHUDFWLRQ ZLWK WKH WRZHU ZLOO SRVVHVV WKH468 
FRUUHFW IUHTXHQF\ %HVLGHV LW DOVR RYHUFRPHV VRPH QHJDWLYH HIIHFWV SURGXFHG E\ FRPPRQ469 
FRUUHFWLRQZD\V&RQFOXVLRQVGUDZQIURPWKHVWXG\LQWKLVSDSHUDUHOLVWHGLQWKHIROORZLQJ 470 
1) 3ODWIRUPPRWLRQVVXIIHUGDPSLQJHIIHFWVIURPWKHZLQGIRUFHDQGWKLVLQIOXHQFHLVPRVWO\471 
HIIHFWLYH DURXQG UHVRQDQW IUHTXHQF\ UDQJH $OWKRXJK SODWIRUP PRWLRQV DUH UHGXFHG472 
FRQVLGHULQJDHURG\QDPLFHIIHFWVQDFHOOHDFFHOHUDWLRQVDUHQHYHUWKHOHVVDPSOLILHGDORWDW473 
SDUWLFXODU IUHTXHQF\]RQHVE\ WKHZLQG IRUFH0XOWL-IUHTXHQF\H[FLWDWLRQVDUH IRXQG LQ474 
WKHUHVSRQVHZKLFKLVGRPLQDWHGE\WKHWRZHUG\QDPLFVDQGWKHZLQGIRUFH 475 
2) 7KHPRWLRQVRIDIORDWLQJZLQGWXUELQHVH[KLELWGLVWLQFWLYHIHDWXUHVGXHWRURWRUURWDWLRQ476 







4) 6KHDUIRUFHDSSOLHGDW WRZHUWRS LV IRXQGWREHJRYHUQHGE\PXOWL-IUHTXHQF\H[FLWDWLRQ484 
FRPSRQHQWV6KHDUIRUFHLVH[FLWHGDWZDYHHQHUJ\IUHTXHQF\WRZHUYLEUDWLRQIUHTXHQF\485 
DQG URWRU URWDWLRQ IUHTXHQF\ UHSUHVHQWLQJK\GUR-DHUR-HODVWLFFRXSOLQJV%\ VXSSUHVVLQJ486 
VXUJH PRWLRQ DQG WRZHU YLEUDWLRQ ZLQG IRUFH LV DEOH WR UHGXFH VKHDU IRUFH DURXQG487 
SDUWLFXODUIUHTXHQF\UDQJH 488 
5) ,QVSLWHRI WKHDHURG\QDPLFHIIHFWVRQSODWIRUPPRWLRQVDQG WRZHUD VHOHFWHGPRRULQJ489 
OLQH DSSHDUV WR EH JRYHUQHG E\ K\GURG\QDPLF ORDGV DORQH DQG WKH ZLQG IRUFH FDQ EH490 





LQ 6KDQJKDL -LDR 7RQJ 8QLYHUVLW\ IRU WKH PRGHO WHVW UHVHDUFK VXSSRUW 7KLV ZRUN LV DOVR494 
VXSSRUWHGE\&KLQD6FKRODUVKLS&RXQFLO1R 495 
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